degree relatives estimated at 1%-2% (Mignot, 1998). Studies of monozygotic twins using strict diagnostic criteria have found concordance rates of only 25%-Introduction 31%, leading most authors to conclude that undefined environmental factors act on a susceptible genetic In mammals, the sleep-wake cycle is traditionally dibackground to produce the disease. Several studies vided into three states based on distinct behavioral and have reported a strong association between certain neurophysiologic characteristics (Jones, 1998). Wakeclass II HLA haplotypes on human chromosome 6 and fulness is characterized as a behaviorally interactive narcolepsy. HLA DQB1*0602 and DQA1*0102 are found state, with full consciousness, that is associated with in up to 90% of affected populations, compared with low-voltage, mixed frequency, fast activity on electroen-12%-38% in the general population, suggesting that cephalography (EEG), purposeful eye movements, and autoimmunity plays a role in the disorder (Kadotani et high muscle tone with phasic motor activity. Non-REM al., 1998). However, extensive studies over the past 10 years have failed to find convincing evidence of a systemic autoimmune process or one restricted to the cen- 9 To whom correspondence should be addressed (e-mail: afcsushi@ aol.com).
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tral nervous system in narcoleptic patients. Moreover, patients with familial narcolepsy usually lack these HLA in that, acting directly at axon terminals, they can increase the release of the major inhibitory transmitter, risk factors (Mignot, 1998 paraventricular thalamic nucleus, and septal nuclei. ReStriking similarities between human and canine narcocently, dense orexin projections were also described in lepsy include emotionally triggered cataplexy, increased specific lamina of the dorsal horn of the spinal cord (van daytime sleepiness, pathological manifestations of REM den Pol, 1999), suggesting a possible role in modulating sleep, sleep-onset REM periods on polysomnography, sensory input and autonomic tone. In situ hybridization an early age of onset, and a familial tendency. Extensive studies of orexin receptor mRNAs (Trivedi et al., 1998 ; studies of the neuropharmacology and neurochemistry our unpublished data) showed a diffuse pattern, consisof affected dogs and humans have found a subtle disturtent with the widespread nature of orexin projection bance involving hyperactivity of cholinergic, and hyposites, although there was a marked differential distribuactivity of monoaminergic, neurotransmitter systems tion of the OX 1 R and OX 2 R mRNAs. Investigations into (Guilleminault et al., 1998 Here, we report that a null mutation induced by tarcoupled receptors that are expressed in the brain and geted disruption of the mouse orexin gene results in were previously considered to be orphan receptors (Saan autosomal recessive phenotype with characteristics kurai et al., 1998). An mRNA encoding the same neuroremarkably similar to narcolepsy. Our initial studies on peptide precursor was independently identified by a difthese knockout mice focused on the putative involveferential cloning approach, and the putative encoded ment of orexins in energy homeostasis. While studying peptides were named hypocretins (de Lecea et al.,
the 24 hr open field activity of these mice, as an index of 1998). Orexin-A and orexin-B are neuropeptides of 33 energy expenditure, we found that the orexin knockout and 28 amino acids, respectively, that are produced mice showed periods of reduced activity during the dark exclusively by a well-defined group of neurons in the phase when mice are normally most active. We then lateral hypothalamus. The active peptides are proteolytiused infrared videotaping to investigate possible reacally processed from a single prepro-orexin precursor sons for this abnormal behavior. Close study of these and then posttranslationally modified by N-terminal pyvideotapes unexpectedly revealed brief periods of beroglutamyl cyclization, C-terminal amidation, and formahavioral arrest that occurred exclusively in homozygous tion of intrachain disulfide bridges. Orexin-A is a highknockout mice. Twenty-four-hour EEG/EMG recording, affinity ligand for the orexin receptor type 1 (OX 1 R), undertaken to determine whether these episodes might whose affinity for orexin-B is 1-2 orders of magnitude be seizure related, demonstrated a complete absence lower. The orexin receptor type 2 (OX 2 R) exhibits equally of seizures but revealed an unanticipated disruption of high affinity for both peptides. The orexin peptides are REM sleep regulation. We also report, and extend previous findings, that orexin neurons project directly onto unique among hypothalamic peptide neuromodulators Figure 3B) , ending abruptly at weaning identified 136 wild-type (ϩ/ϩ), 218 heterozywith complete resumption of purposeful motor activity. gous (ϩ/Ϫ), and 114 homozygous (Ϫ/Ϫ) progeny. This Essentially, the episodes looked as if a behavioral switch ratio is consistent with Mendelian inheritance (by chihad been turned "off" and then "on" (see video clips at square analysis) and indicated that homozygosity did http://www.cell.com/cgi/content/full/98/4/437/DC1). not cause significant lethality in utero or up to the time Two independent observers used these criteria to idenof weaning.
tify narcoleptic episodes in all of the behavioral video Gross anatomical and histological studies, using H&E studies reported. Episodes judged ambiguous in any and Nissl staining, failed to detect any structural abnoraspect, by either observer, were excluded from the mality in the brains of homozygous mice. In situ hybridanalysis. ization using a riboprobe specific for exon 2, containing
We studied the characteristics of the narcoleptic epithe orexin-A and -B coding sequences, revealed no sigsodes in 14-to 15-week-old male mice in a standard nal above background in the lateral hypothalamus of open field apparatus with an infrared video camera homozygote mice ( Figure 1D ). Immunohistochemistry mounted overhead. Nine homozygote, five wild-type, with an anti-orexin-A antibody similarly showed a lack and four heterozygote F2 littermates were filmed for the of detectable signal in the homozygous hypothalamus first 4 hr of the dark phase, after an initial 3 hr acclimation ( Figure 1E ). Finally, radioimmunoassay specific for orperiod during the light cycle. Videotapes were coded exin-A and orexin-B on whole-brain homogenates failed and then given to two blinded observers independently to detect either peptide in Ϫ/Ϫ mice ( Figure 1F ). Interestfor scoring. Two mice were filmed in two separate open ingly, heterozygote brain homogenates contained confields at once. They were assigned randomly to filming siderably more orexin peptides than the expected 50% so that all combinations of genotypes were present of wild-type levels (orexin-A, 75% and orexin-B, 83% of (control-control, control-knockout, knockout-knockout, wild type). These studies confirm that the targeted orexin etc. Figure  2B as a representative example. A parallel video study the two independent ES cell clones and an additional of female homozygotes and controls revealed similar episode frequency and duration (data not shown).
The predominant behaviors for the 5 s immediately preceding and the 10 s immediately after each episode were categorized as feeding, drinking, ambulating, grooming, burrowing, climbing, or other (group means presented in Figure 2C ). Interestingly, while burrowing and climbing were often observed before an episode, they never occurred afterward. Conversely, while feeding and drinking rarely preceded an attack they frequently occurred afterward. Individual mice appeared to have characteristic triggering behaviors, with mouse A exhibiting ambulatory behavior in 22 of 27 episodes, mouse F burrowing before 8 of 17 episodes, and mouse G grooming in 6 of 8 episodes. Clearly observed gait ataxia lasting 1-3 s immediately preceded 26.5% Ϯ 8.7% of all observed episodes with a range of 0%-77.8% in individual homozygotes. Grossly observable motor activity causing side-to-side rocking, without change in overall posture, frequently occurred several seconds after the start of the attack. This lasted anywhere from 2-10 s and was observed during 75.5% Ϯ 7.0% of all episodes with a range of 46.2%-100% of all attacks in individual knockouts. Often these bouts of motor activity intensified, and they appeared to abruptly terminate some narcoleptic attacks.
We performed close-up video studies of individual knockout mice filmed from various angles to further explore the nature of the postural changes and motor activity noted during the narcoleptic attacks. The postural changes characteristically involved sudden collapse of the head and neck with simultaneous buckling of the limb, medially and/or laterally from the body, causing the ventral surface to fall to the cage floor at angles of 45Њ to perpendicular to the sagittal plane. Occasionally, the mouse fell completely onto its side. Gross motor activity during attacks always resulted from episodic limb twitching that rocked the mouse about its central 
EEG/EMG Studies
Bodily collapse associated with episodic rocking motor activity initially suggested the possibility of a seizure disorder in the orexin knockout mice. To evaluate this hypothesis, we chronically implanted EEG electrodes in these mice and recorded EEG continuously while the mice were allowed ad lib movement in their acclimated cages. After analyzing more than 300 hr of EEG recordings from six knockout mice, we were unable to find any evidence of seizure activity. Rather, these EEG recordings revealed that REM sleep was affected in the knockout mice.
Sleep state patterns revealed by simultaneous EEG/ EMG recording showed little variability from one 24 hr recording period to the next. In addition, results obtained from the wild-type littermates are identical to previously published data from the C57BL/6 mouse strain (e.g., Tafti et al., 1997). Taken in conjunction with the lack of sleep state fragmentation exhibited by wildtype controls (see Figure 4A ) and the normal behavioral repertoire as shown by concurrent infrared videophotography, these sleep data indicate a high degree of adaptation to the recording conditions. Typical hypnograms for a homozygous knockout and wild-type littermate for the 12 hr dark period are displayed in Figures  4B and 4A , respectively. The hypnogram for the knock- We correlated the infrared videotaped narcoleptic atsites in both rat and mouse brains. We found that histaminergic neurons in the tuberomammillary nucleus tacks in the first 4 hr of the dark phase against concurrent EEG/EMG records. These periods corresponded to (adenosine deaminase-immunoreactive) received very dense orexin innervation on cell bodies and on proximal one of two distinct EEG/EMG patterns: they occurred either during direct transitions from waking to REM sleep dendrites ( Figure 5A ). Noradrenergic neurons in the locus coeruleus received a similar dense innervation by (similar to Figure 4C ., 1991) . In contrast to wild-type mice, however, in the knockout mice these spindle oscillations occurred in the dorsal and median raphe nucleus also were densely innervated. As can be seen in Figures 5C and immediately after a waking period. An example of this oscillatory EEG activity is displayed in Figure 4E . These 5D, serotonergic neurons in the dorsal raphe are specifically targeted by orexin terminals. In the mouse brain, oscillations can be distinguished from spindles that are recorded during sleep onset because pre-REM spindles cholinergic neurons in the pedunculopontine nuclei, lateral dorsal tegmental nucleus, diagonal band, and meare of higher amplitude, longer duration, and frequently show a pointed aspect (Gottesmann, 1996). The exisdial septal nuclei received orexin innervation. The innervation of cholinergic cells was particularly dense in tence of pre-REM spindles at sleep onset is a further indication of abnormalities in the processes of REM the rat brain ( Figures 5E and 5F ). In all sites, apparent somatic and dendritic appositions were observed in the sleep initiation and control in the orexin knockout mouse. chemically characterized neurons.
Activation of Orexin Neurons by Modafinil Orexin Neurons Innervate Critical Sleep-Wakefulness Nuclei
To investigate whether the anti-narcoleptic drug Modafinil, whose mechanism of action is unknown, might act We used double immunostaining techniques to test the hypothesis that orexin neurons projected directly onto through orexin neurons, we injected wild-type mice at noon with modafinil (150 mg/kg i.p.), or vehicle, and the central nervous system nuclei known to be important in sleep-wakefulness regulation. In these micrographs sacrificed them 2 hr later. Brains were removed, double immunostained for orexin and Fos (an indicator of neuthe orexin-containing axonal endings appear black (Figure 5) . The distribution of orexin-immunoreactive termironal activity), and cells were counted in the perifornical region. The number of orexin-immunoreactive neurons nals was similar to that previously reported, including particularly dense innervation of the locus coeruleus, was the same in both groups (44-47 cells/section), but the modafinil-treated group had over three times as dorsal and median raphe nuclei, and tuberomammillary nucleus ( ., 1998; Nambu et al., 1999) . We performed double-label immunohistochemistry in these vehicle group, p ϭ 0.01) (Figures 6A-6C) . Thus, in the cataplexy in the dog is often evidenced by hindlimb We have termed the episodes of behavioral arrest in buckling. Unambiguous full postural collapse was frethe orexin knockout mouse as "narcoleptic" episodes quently observed in young orexin homozygotes, while for several reasons. The major distinguishing feature adults tended to collapse onto their ventral surface at between a narcoleptic episode in a narrow sense and odd angles, suggesting some residual muscle tone. Cata cataplectic episode is that during cataplexy conaplexy is not always instantaneous in human patients sciousness is preserved (Aldrich, 1998). Muscle atonia but can progress over several seconds with some pais characteristic of both types of attack. The electroentients experiencing gait ataxia known as "zig-zag walkcephalographic patterns during cataplexy in human naring" (Honda, 1988) . The finding of gait ataxia immedicoleptics (Guilleminault et al., 1998) and in the canine ately preceding 27% of narcoleptic episodes in adult model are very similar. Postural collapse occurs during knockout mice is intriguing. an initial stage resembling wakefulness with marked
The most common emotional expression provoking suppression of EMG activity, followed by a period vircataplexy in humans is laughing. However, anger, fear, tually indistinguishable from REM sleep, and then a surprise, and excitement are also common triggers transitional stage to non-REM sleep or back to wakeful- (Honda, 1988; Bassetti and Aldrich, 1996) . Food and ness. Using concurrent infrared videotape/EEG/EMG replay with other dogs are the well-documented paracordings, we have determined that narcoleptic attacks digms used to trigger cataplexy in the dog (Riehl et al., 1998). We found that excited ambulation, grooming, in the orexin knockout mouse correlate with two distinct burrowing, and climbing were most frequently associpotential synapses, and further studies using immunoated with narcoleptic episodes in the mouse. The dracytochemistry coupled with electron microscopy will be matic increase in the number of episodes noted in the needed to verify actual synaptic contacts. group-filmed young mice as compared with the individuThe brainstem cholinergic neurons in the pedunculoally filmed littermates suggests that social interaction pontine nuclei are critical to the central control of REM may significantly enhance this phenotype. Chasing, tail sleep (Rye, 1997; Jones, 1998). Ascending projections biting, and social grooming were often observed to imfrom this nucleus to the thalamus mediate the cortical mediately precede narcoleptic attacks in the groupexcitation characteristic of REM, while descending fifilmed setting.
bers anti-orexin antisera specific for orexin-A and B with no detectable Murine orexin gene sequences were isolated from a mouse strain cross-reactivity to each other. One-way ANOVA followed by a Stu-129/Sv genomic phage library (Stratagene) using a partial rat cDNA dent-Newman-Keulls multiple comparisons test were used for staprobe as described previously (Sakurai et al., 1998) . Restriction tistical comparisons across genotypes (see Figure 1E ). mapping, oligonucleotide hybridization, and sequencing confirmed that five overlapping phage clones contained the entire orexin gene.
Infrared Videotaping and Scoring of Narcoleptic Episodes Targeting vector construction was based on a universal lacZ-neoAn 8 mm CCD videocamera with infrared and digital time recording tk (pN-Z-TK2) template plasmid vector that contained nuclear lacZ, capabilities (Sony TRV-CCD66) was used for documentation and neo, and flanking tk cassettes (gift from R. Palmitier). orexin exon scoring of dark cycle behavior. Characterization of dark phase be-1 was in-frame replaced with the nlacZ cassette using proximal 9.0 havior in 14-to 15-week-old mice (see Figure 2 ) was performed in kb and distal 1.2 kb flanking genomic sequences (see Figure 1A) . Figure 1A) . Three ES cell clones were found Figure 3 ) and illustrative video segments were captured and edited where correct targeting was confirmed by Southern blotting using with a video capture board (Dazzle Multimedia). flanking 3Ј genomic, external to the targeting vector, and nlacZ Open field narcoleptic episodes were scored with observers probes (see Figure 1B) . Two of these ES cell clones were microinblinded to genotype for nine homozygote, five wild-type, and four jected into blastocysts with production of germline transmitting chiheterozygote F2 littermates from coded videotapes. Narcoleptic epimeric mice as described (Yanagiawa et al., 1998) . PCR genotyping sodes for all experimental paradigms were strictly defined by the of orexin knockout progeny utilized the primers specified above for following features: (1) abrupt transition from obvious purposeful the mutant allele (2.1 kb) and a genomic 5Ј primer, AGAGATCATCT motor activity; (2) a sustained change in posture maintained CTCCAGATTA, with the same 3Ј primer noted above, to identify throughout the episode; and (3) an abrupt end to the episode with the wild-type allele (1.5 kb, see Figure 1C ). Integrity of the PCR resumption of obvious purposeful motor activity (essentially as if a genotyping protocol was confirmed by Southern blotting using the switch had been turned "off" and then "on"). This strict scoring probes noted above. methodology likely reduced the sensitivity of episode detection, All experiments using wild-type and heterozygote controls were especially during quiet awake behavior, but enhanced specificity performed on F2 C57Bl/6J-129/SvEv mixed background littermates to enable unambiguous identification of narcoleptic episodes. The from F1 heterozygote crosses. Experiments performed exclusively exact time recorded on the video for the start and end of each on homozygotes used F3 mixed background littermates from F2 episode was recorded along with the following additional observahomozygote crosses. All mice were provided food and water ad lib, tions: the predominant activity for the 5 s preceding and the 10 s maintained on a 12 hr light:dark cycle at all times, and were housed following an episode were categorized as feeding, drinking, ambuunder conditions that controlled for temperature and humidity. lating, grooming, burrowing, climbing, or other; obvious gait ataxia All mouse procedures used in this study were reviewed and preappreceding and nonpurposeful motor activity (twitching) during the proved by the Institutional Review Board for Animal Research of episode were recorded as present or absent. Developmental cothe University of Texas Southwestern Medical Center at Dallas, or horts were scored similarly with the exception that observers were the Harvard Medical School and Beth Israel Deaconess Institutional not blinded, since all mice were homozygote littermates. All videoAnimal Care and Use Committees as appropriate.
tapes were scored by two independent observers with disputes settled by quorum. In Situ Hybridization A 0.29 kb segment of the mouse orexin gene encoding Gln-33 to Val-130 of exon 2 was PCR amplified using CAGCCTCTGCCCGACT EEG/EMG Recording Male mice (n ϭ 12, 14-15 weeks old, 30-35 g at the time of surgery) GCTGTCGCCAGAAG and GACTCCGGAGCCTCCCCGGGGTGCTA AAGC as primers and cloned into pCR II (Invitrogen). Sense and were prepared for chronic monitoring of EEG/EMG signals using a recently developed lightweight implant and cabling procedure. Full antisense riboprobes were generated with SP6 and T7 polymerases, respectively, using the Maxiscript kit (Ambion) in the presence of details of this technique will be published elsewhere. Briefly, the EEG/EMG implant was based on a six-pin double inline microcom-33 P-CTP (Amersham). In situ hybridization (see Figure 1D ) to matched adult male mouse brain sections containing the lateral hypothalaputer connector, modified to form four EEG electrodes, each 1.3 mm ϫ 0.3 mm (h ϫ w) positioned 4.6 mm ϫ 2.9 mm (l ϫ w) apart with two mus of all genotypes was performed as described (Sakurai et al.,  1998) .
EMG electrodes soldered to the center pins. Mice were anesthetized with sodium pentobarbital (Nembutal, 50-60 mg/kg i.p.), and stanincubation of the tissue in antisera that had been preadsorbed with the respective antigens (ChAT and 5-HT). For double-label controls dard sterile surgical and stereotaxic procedures were employed for implant placement. The cranium was exposed and four burr holes using the TH antisera coupled with the orexin antisera (because both antisera were made in rabbits), sections were stained sequenwere drilled, anterior and posterior to bregma, bilaterally (AP 1.1, ML Ϯ1.45 and AP Ϫ3.5, ML Ϯ1.45) according to the atlas of Franklin tially, but the orexin antisera was replaced with normal rabbit serum. These procedures resulted in specific staining only for the orexin and Paxinos (1997). The implant was then inserted into these holes, cemented to the skull with dental acrylic, and the EMG electrodes antiserum. This was not an issue for the other double-label experiments, as the ADA antisera was raised in sheep and the 5-HT and secured to the nuchal musculature. The design of this EEG/EMG implant allowed precise insertion of electrodes in a reproducible
ChAT antisera were made in goat. Photomicrographs were produced by capturing images with a manner, targeting bilateral stereotaxic coordinates over the frontal and occipital cortices at a consistent depth, just touching the dura, digital camera (Kodak DCS) mounted directly on the microscope (Zeiss Axioplan) and an Apple Macintosh Power PC computer. Imwhile minimizing surgical trauma.
Immediately after recovery from anesthesia, the mouse was age editing software (Adobe Photoshop) was used to combine photomicrographs into plates. Only the sharpness, contrast, and brighthoused individually and the head-mounted connector was coupled via a 15 cm light weight cable to a slip ring commutator, which was ness were adjusted. All figures were printed on a dye sublimation printer (Kodak 8600). suspended from a counter-balanced arm mounted to a standard shoebox cage (19 cm ϫ 30 cm, Allentown Caging, Allentown, NJ). This allowed full freedom of movement, and the cage was modified Modafinil Treatment to provide side delivery of food and water that were available ad Five mice (C57BL/6J, Jackson Laboratory, Bar Harbor, ME) were lib throughout the experiment. All mice recovered from surgery and injected with modafinil (150 mg/kg i.p., Cephalon, Inc., West Cheswere habituated to these conditions for a minimum of 14 days before ter, PA) at noon to determine whether a stimulant could activate recording began. Each mouse was then recorded for three consecuorexin neurons. Modafinil was suspended in a solution of 0.25% tive 24 hr periods, beginning at lights-on at 07:00. 
